A simple model is proposed for the prediction of equilibrium ion adsorption in liquid/solid systems. The establishment of the model was based on the assumption that the change in the standard chemical potential of the adsorption system should be zero if ion adsorption taking place spontaneously at a constant temperature is purely a thermodynamic process in which, driven by the electrochemical potentials, the ions move between liquid and solid phases without changing their chemical nature. Experiments have been conducted to test this assumption using the adsorption of Zn 2+ , Cd 2+ and K + ions from aqueous solutions onto swelling vermiculite, natural zeolite and synthetic zeolite. The results showed that the proposed model fitted the experimental data well. This study provides evidence that, under the conditions employed, ion adsorption reactions are essentially physical processes and the change in the standard chemical potential of the adsorption reaction is negligible.
INTRODUCTION
Traditional adsorption isotherms (e.g. the Henry, Langmuir and Freundlich isotherms and their modified forms) when applied to describe ion adsorption phenomena in liquid/solid systems define the equilibrium adsorption density (x) as a single function of the equilibrium concentration in the liquid phase (A) (Cordeiro et al. 2005; Langmuir 1918; Leyva-Ramos et al. 1999; Mura-Galelli et al. 1991; Zakaria et al. 2004) . This implies that x will correspond to a single value of A, independent of the initial ion concentration (A 0 ), the adsorbent concentration (W) and the process history. The main problem associated with traditional models is the widely observed effect of W (i.e. an observed decrease in x with increasing W at a given value of A) associated with significant parameter variations upon changes in W (Leyva-Ramos et al. 1999; Voice et al. 1983; Voice and Weber 1985; Wu et al. 2006) . Changes in the adsorbate concentration are also an important factor in the observed variations of traditionally defined equilibrium parameters (Bai and Yang 2002; Cseh and Benz 1998; Zuyi and Taiwei 2000) . Mura-Galelli et al. (1991) reported that "the Langmuir equation does not accurately describe the experiment over the entire adsorption domain". Langmuir (1918) also noted in his study that "where there is a much greater range of pressures, the agreement between q abs and q cal is much less satisfactory".
Although the functional relationship among ion adsorption components can be affected by various factors, ion adsorption should follow the basic laws of thermodynamics. Analyses of the † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at the National University of San Luis in Argentina. * E-mail: wuxiaofu530911@vip.163.com. change in the Gibbs' free energy of ion adsorption reactions are of both theoretical and practical values, not only for describing the nature of the reactions, but also for understanding the essential relationships among the various factors involved in the adsorption process (Rauf and Tahir 2000; Tahir and Rauf 2003; Ghiaci et al. 2004) . In this work, we present some basic ideas based on a reanalysis of the relationship between the change in chemical potentials of the ion adsorption reaction and the change in concentrations of the reaction components. Ion adsorption in systems with mixed ionic species is complex as it involves competition and interaction between different ionic species (Zakaria et al. 2004; Barros et al. 2006; Dwairl 1998; Evangelou and Lumbanraja 2002; Saha et al. 2001; Sahu et al. 2000) . Thus, to test a basic model, we started with the unbuffered single ionic species adsorption systems. For comparison, data obtained from both buffered and mixed metal ion systems were also analyzed.
THEORETICAL

Adsorption components
According to Wu et al. (2006) , there are four essential adsorption components in a liquid/solid ion adsorption system; ions in the liquid phase (A), ions on the solid surface (Q), covered adsorption sites (D) and uncovered adsorption sites (B). Since the amount of covered adsorption sites (D) is equivalent to the amount of ions adsorbed onto a solid surface (Q), the concentrations of the four essential components are related to the ion concentration in the system (or the initial ion concentration) (A 0 ) and the adsorption capacity of the system (or the maximum quantity of adsorption in the system) (B 0 ) by:
(1)
(2) For simplicity, we define the following ratios:
x = Q/W, the ratio of the equilibrium concentration of the ion adsorbed onto the solid surface (Q) to adsorbent concentration (W) (i.e. the adsorption density); y = A 0 /W, the ratio of the initial ion concentration (A 0 ) to W; z = A/W, the ratio of the equilibrium ion concentration in the bulk solution (A) to W; ρ = B 0 /W, the ratio of the ion adsorption capacity of the system (B 0 ) to W (i.e. the adsorption capacity of the adsorbent, or the maximum adsorption limit of the adsorbent); β = B/W, the ratio of the equilibrium ion adsorption capacity of the system (B) (equivalent to the number of unoccupied adsorption sites at equilibrium) to W.
From equations (1) and (2), we have:
(3)
The quantitative relationship among these four essential adsorption components is illustrated overleaf in Figure 1 . If a straight line is drawn to connect A 0 on the abscissa and B 0 on the vertical axis, the right-angled triangle A 0 0B 0 is obtained [ Figure 1 an area of QD (shaded) and outside the triangle is a rectangle with an area of AB (shaded). From the proportional relationship between similar triangles, we see that the two shaded areas are equal, viz.
(4) or (5)
Dividing each variable in Figure 1 by W gives Figure 1 (b), from which can be seen that when ρ (the adsorption capacity) is kept constant, x will be uniquely determined by z (the A/W ratio) or y (the A 0 /W ratio) rather than by A. This explains why there is a W effect associated with the traditionally defined x versus A isotherm. Equation (4) apparently defines an ideal condition for ion adsorption. The condition under which equation (4) holds should thus be clear.
Chemical potential
If it assumed that an ion adsorption reaction in aqueous solution takes place at constant temperature with insignificant changes in the system pressure and volume, the Gibbs' free energy for a unit system volume (G) would be equal to the sum of the concentration of each of the components multiplied by its chemical potential (µ), i.e.
At the initial state, since Q and D are zero, equation (6) takes the form:
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where C i stands for the molar concentration of component i, and µ i is the chemical potential of i related to its activity, a i , by
The term, µ 0 i , denotes the standard chemical potential of the pure substance i at a standard pressure P 0 , T is the absolute temperature and R is the universal gas constant. Substitution of equation (9) into equation (8) using molar concentrations to represent the activity of each component gives, at equilibrium (see the Appendix):
Since the change in the standard chemical potential, is a constant at a given temperature, we obtain:
where K is the equilibrium reaction coefficient. Equation (10) can also be deduced from the model developed by Wu et al. (2009a) for calculating the real change in the Gibbs' free energy of a reaction. On comparing the two equations, we see that the difference between equations (10) and (4) depends on whether or not K = 1.
If it is assumed that the ion adsorption/desorption process involves only the movement of ions between the liquid and solid phases, and that no new substance is formed, then µ 0 A and µ 0 Q both represent the standard chemical potential of the pure adsorbate, while µ 0 B and µ 0 D both represent the standard chemical potential of the pure adsorbent, viz. µ 0 A = µ 0 Q and µ 0 B = µ 0 D or:
Equation (10) then takes the form of equation (4):
(4) Equation (4) thus states that if ion adsorption/desorption takes place spontaneously at a constant temperature with insignificant changes in the system volume as well as other factors, it is a purely thermodynamic process in which, driven by the electrochemical potentials, the ions move between the liquid and solid phases without changing their chemical nature. The change in the standard chemical potential (or the standard Gibbs' free energy) of the system should be zero and, consequently, the equilibrium reaction coefficient, K, should be 1.
Equation (4) is of theoretical value since it provides a simple way for testing the nature of ion adsorption phenomena.
Langmuir isotherm
The Langmuir isotherm is usually expressed as: (12) where K L denotes the Langmuir constant. To allow comparison with equation (10), the Langmuir isotherm can be re-written as: (13) which shows that the Langmuir isotherm contains only three adsorption components, i.e. A, B and Q. From Figure 1 , it is difficult to see how the value of K L , defined as the ratio of AB to Q, could be maintained constant when D varies. From equations (10) and (13), we can obtain the following relationship between K and K L : (14) which suggests that K L could be a linear function of Q. It should be noted from equations (10) and (13) that K is dimensionless while K L has the same units as Q and A.
Basic equations
Transformation of equation (10) 
which gives the following simple equations:
Equations (18) and (19) can be transformed into:
which shows a simple and logical ion distribution pattern, i.e. the ratio of ions in the liquid phase (A) to that on the solid phase (Q) is determined by the ratio of the initial ion concentration (A 0 ) to the adsorption capacity of the system (B 0 ). Equation (20) can also be expressed as:
or (22) From equations (21) and (22), we see that x is linearly related to A/A 0 with ρ as the slope. Equation (21) can thus be used to calculate individual ρ values while equation (21) can be used to test the linear relationship of the model presented by regression analysis.
MATERIALS AND METHODS
Materials
Swelling vermiculite, natural zeolite and synthetic zeolite were used as the adsorbents. Chemical grade synthetic zeolite was a product of the Shanghai Chemical Reagent Company (Shanghai, P. R. China). Swelling vermiculite and natural zeolite were products from the Second Mineral Plant of Lingshou County (Hebei Province, P. R. China) and the Mineral Plant of Jinyun County (Zhejiang Province, P. R. China), respectively. Due to their relatively high adsorption capacities and low cost, vermiculite (Evangelou and Lumbanraja 2002; Wu et al. 2008 ) and zeolite (Booker et al. 1996; Burgess et al. 2004; Curkovic et al. 1997; Demir et al. 2002; Ibrahim and Akashan 2004) have often been used as adsorbents for the removal of metal ion pollutants from aqueous solutions.
In order to obtain homogeneous samples, swelling vermiculite and natural zeolite were ground and sieved to produce particles with diameters in the range 0.09−0.45 mm. After sieving, both adsorbents were washed several times with distilled water, dried at 100 o C and then stored under dry conditions. Zinc sulphate (ZnSO 4 • 7H 2 O), cadmium sulphate (3CdSO 4 • 8H 2 O) and potassium sulphate (K 2 SO 4 ), all of A.R. grade, were used to prepare standard solutions of the corresponding metal
ion species in distilled water. To compare buffered and un-buffered systems, 0.1 M NaOH and 0.2 M C 8 H 5 O 4 K solutions were used for pH and ionic strength control in one sample series (Wu et al. 2009b ).
Sample series
The basis of sample preparation is to establish a series of adsorption systems in which the change in the Gibbs' free energy can be determined by the changes in the concentrations of the tested ionic species and the adsorbents. It is thus important to obtain a series of aqueous solutions containing a single metal ion and an adsorbent with a constant adsorption capacity. In order to minimize the influence of measurement errors and ensure that the observed differences would mainly be determined by the changes in the concentrations of the adsorption components, relatively large concentration ranges of both adsorbate and adsorbent were used. Particular care was taken to avoid the effect of cation contamination.
The following sample series were prepared for the experiments:
1. Series 1: unbuffered single metal ion system for testing the effect of the adsorbent concentration for five adsorbent (swelling vermiculite) concentrations (10, 20, 50, 100 and 150 g/ ) and six ion (Zn 2+ , Cd 2+ ) concentrations (50, 100, 200, 300, 400 and 500 mg/ ). 2. Series 2: unbuffered single metal ion system for testing the effect of equivalent changes in ion and adsorbent concentrations at fixed A 0 /W 0 values within the (Zn 2+ or Cd 2+ ) ion concentration range of 30-300 mg/ and adsorbent (swelling vermiculite) concentration range of 20-150 g/ . 3. Series 3: unbuffered single metal ion system (swelling vermiculite, Zn 2+ or Cd 2+ ) for testing the effects of changes in the volume of the aqueous solution at fixed A 0 /W 0 values within the solution volume range of 100-300 m . 4. Series 4: buffered system (swelling vermiculite) for testing the adsorption of Zn 2+ and Cd 2+ ions in buffered solutions (pH 5.2). (In this series, accurate amounts of 0.1 M NaOH and 0.2 M C 8 H 5 O 4 K were added for controlling the pH and the ionic strength.) 5. Series 5: unbuffered mixed Zn 2+ /Cd 2+ /K + ion system (swelling vermiculite) for testing the adsorption competition effect in aqueous solutions containing equal amounts of K 2 SO 4 , ZnSO 4 and CdSO 4 . 6. Series 6: unbuffered single metal ion system (swelling vermiculite, Zn 2+ , Cd 2+ ) for testing the reproducibility of the experiments. 7. Series 7: unbuffered single metal ion system for testing the applicability of the model presented for other types of adsorbents (synthetic zeolite or natural zeolite) at three adsorbent concentrations (50, 100 and 150 g/ ) and six ion (Zn 2+ , Cd 2+ or K + ) concentration levels (50, 100, 200, 300, 400 and 500 mg/ ).
Equilibrium tests
A series of samples was prepared by transferring an accurately weighed amount of the adsorbent and 100 m of a standard ion solution of different concentrations into a series of 250 m groundglass stoppered flasks. Equilibrium experiments were conducted by placing the flasks in a shaker bath which was shaken at 200 rpm for 24 h at 25 o C. When equilibrium had been attained, the solutions were filtered and the concentration of the ions in the aqueous phase determined by flame atomic absorption spectroscopy (AAS). The equilibrium ion adsorption density, x, was calculated via equation (3).
All experiments, included appropriate controls, were run in parallel and repeated twice. The values of the standard deviation (SD) and relative deviation (RD) indicated good agreement between parallel and repeated tests. The Microsoft Excel program was employed for data and plot analysis.
RESULTS AND DISCUSSION
Adsorption parameters
Individual values of K, K L and ρ for the different sample series were calculated using equations (10), (13) and (21), respectively. The corresponding results obtained for the series 1-5 experiments are summarized in Table 1 . The K and K L curves for the combined data sets of series 1-3 (A 0 : 30-600 mg/ ; W: 10-150 g/ ) are depicted in Figure 2 overleaf.
The data listed in Table 1 show that, for both Zn 2+ and Cd 2+ ion systems containing unbuffered single ionic species (series 1-3), the equilibrium coefficient K had values close to 1 with a small standard deviation (SD), while the Langmuir constant K L varied more widely with a much larger SD. Although measurement errors cannot be excluded, the irregular variation in K with increasing Q [Figures 2(a) and (b)] indicates that K was independent of Q. In contrast, the linear trends of the lines in Figures 2(c) and (d) show that K L was positive and strongly correlated with Q, with the squared linear correlation coefficient (R 2 ) reaching values of 0.9292 and 0.9185, respectively, for Zn 2+ and Cd 2+ ions. Equation (14) defines 1/K as the slope of the K L versus Q e curve. The 1/K value for both Zn 2+ and Cd 2+ ions was slightly higher than 1 [1.108, Figure 2 (c); 1.071, Figure 2 The observed linear relationship between K L and Q suggests that the reported adsorbent and adsorbate effects could be a reflection of the Q effect (or the D effect, since D = Q), as Q is a product of W and x. The linear relationships between x and A/A 0 shown in Figure 3 overleaf were obtained using the combined data sets of series 1-3. It should be noted that x was closely correlated with A/A 0 for both Zn 2+ ions [R 2 = 0.9606, Figure 3 (a)] and Cd 2+ ions [R 2 = 0.9655, Figure 3 (b)]. The plot of x versus A/A 0 has been used by several authors for the description of adsorption phenomena. Thus, Gun'ko et al. (2003) used the plot of x versus P/P 0 (where P stands for pressure) to describe the adsorption properties of fumed silicas, while Chirkova et al. (2004) applied a similar plot for determining the standard sorption isotherms of various vapours onto cellulose. In a similar manner, Barros et al. (2004) plotted the equivalent fraction of the in-going cation in the solid phase as a function of the equivalent fraction of the same cation in solution. All these studies confirmed that x and A/A 0 are strongly correlated.
In principle, the adsorption capacity factor (ρ) should be a constant parameter for a given adsorbent. Its estimated value, however, can vary to some degree depending on the measurement conditions and the data analysis method applied. The ρ values obtained from regression analyses using equation (22) for Zn 2+ and Cd 2+ ions (Figure 3) were somewhat lower than the respective average values calculated on an individual sample basis using equation (21) Neither equation (10) nor equation (13) (the Langmuir isotherm) appear to be suitable models for the description of the experimental data obtained from the sample 4 series (the buffered system) or the sample 5 series (the mixed metal ion system). The average ρ values of these two series were much lower, while the RD values were much greater than in series 1-3 (Table 1) . The values of K and K L could not be calculated using equations (10) and (13) for the series 4 samples as the calculation gave negative values for both K and K L for a number of measurements. The linear correlation between x and A/A 0 in series 4 was very poor [ Figure 3(c) ], suggesting that x was not proportional to A/A 0 in the buffered solution. Since there was only one adsorbent concentration point in series 5 (W 0 = 100 g/ ), the linear correlation analysis gave a relatively high R 2 value [0.824, Figure 3(d) ] for the mixed metal ion system but the corresponding plot of x versus A/A 0 did not appear to be a straight line.
Results obtained from repeated tests consistently showed that x varied linearly to A/A 0 only in unbuffered single-metal ion systems. In the buffered system, adsorption of other cationic species, brought into the system for the control of solution pH and ionic strength, resulted in a lower x and a higher A for the tested metal ion, and thus changed the basic relationship between x and A/A 0 . The negative effect of ion competition on the adsorption of Zn 2+ and Cd 2+ ions in buffered systems has been discussed by Wu et al. (2009b) . 756 Xiaofu Wu/Adsorption Science & Technology Vol. 29 No. 8 
Adsorption ratios
In accordance with thermodynamic theory for state variables, the proposed model suggests that x (the Q/W ratio) should correspond to a unique z (the A/W ratio) or y (the A 0 /W ratio), independent of A 0 , W and the system volume, V. We thus conducted tests to investigate whether equivalent changes in the initial ion and adsorbent concentrations would affect the basic relationships amongst the ion/adsorbent ratios. The experimental data obtained at four y points are listed in Table 2 for Zn 2+ ions and in Table 3 for Cd 2+ ions, respectively (sample series 2). It is apparent that at each value of y, the value of A increased with increasing A 0 while x remained virtually unchanged, showing that the equivalent increase in ion and adsorbent concentrations had little effect on the functional relationship amongst the ion/adsorbent ratios. The differences in the x values for each given y were not statistically significant, all RD values being lower than 6%.
It is commonly assumed that the equilibrium ion adsorption density (x) will decrease if the ion concentration in the system is lowered by dilution with distilled water. However, according to the model presented, x should remain unchanged in diluted solutions if the added amounts of ions and adsorbents in the system are not changed, and thus the value of y remains constant. A test of the volume effect (sample series 3) was undertaken by diluting 100 m of standard suspensions of Zn 2+ or Cd 2+ ions and 10 g of vermiculite granules with varying volumes of distilled water before treating the samples as described in Section 3. The results obtained are listed in Tables 4 and 5 . An increase in the solution volume, and the corresponding decrease in ion and adsorbent concentrations, did not result in any significant effect on the adsorption of either Zn 2+ or Cd 2+ ions. The equilibrium adsorption density, x, as well as the total quantity adsorbed by the system, did not decrease with decreasing A, but remained nearly constant for each given y within the range of solution volumes tested (Tables 4 and 5) .
Dilution with solvent in the test led to equivalent changes in A 0 and W, but not to changes in the A 0 /W or A 0 /B 0 ratios since B 0 = Wρ. Because it is the A 0 /B 0 ratio that determines the equilibrium ion distribution ratio A/Q [see equation (20)], the A/W and Q/W ratios should remain unchanged after dilution. Since there was no significant difference between altering the system concentrations by changing the ions and adsorbents in equivalent proportion compared to changing the solvent volume -as the A 0 /W ratio remained constant in both cases -it is reasonable to expect that both types of test would give similar results. The experimental data listed in Tables 2-5 show consistently that x was not a single function of A and that the x versus A relation was apparently affected by changes in A 0 and W. It can also be noted from Tables 2-5 that there were no significant differences in the x values obtained in different tests for each given A 0 /W. This is an indication that the measurement accuracy was high and that the results were reproducible. i.e. both Q and A attain the half-value of A 0 (A 0 /2) while x attains the half-value of ρ (ρ/2) when A 0 is equal to B 0 . Based on equations (23) and (24), reproducibility tests (series 6) were designed using the average ρ value estimated for series 1-3 (Table 1 ). Table 6 shows that when A 0 /B 0 = 1, the measured value of A was very close to 1⁄ 2A 0 (the theoretical value of A) with the corresponding RD values being mostly below 7%. In a similar manner to the results presented in Tables 2-5, the measured value of x listed in Table 6 remained nearly constant within the A 0 range tested. The individual values of K and ρ, calculated via equations (10) and (21), respectively, displayed some irregular variations. However, the average value of K was close to 1, and the difference between the average ρ obtained from the reproducibility test (Zn: ρ = 5.24 mg/g; Cd: ρ = 8.96 mg/g) and that from series 1-3 (Zn: ρ = 5.25 mg/g; Cd: ρ = 8.78 mg/g) was insignificant for both Zn 2+ and Cd 2+ ions. From the range of variation of K and ρ (Table 6) , it is seen that calculation of the individual K and ρ values using equations (10) and (21) is very sensitive to experimental errors. The error in the measurement of A is reflected in the calculation of Q. Thus, to test the proposed model, it is better to carry out a regression analysis using equation (18), as in this equation Q is expressed as a function of A 0 , thereby minimizing the measurement effect. 
Reproducibility tests
Adsorption isotherms
Different types of adsorption isotherm curves are depicted in Figures 4-6 . The predicted x values were calculated via equation (19) using the estimated average ρ values listed in Table 7 . As seen in Figures 4(a) and (d) , the combined data sets of series 1-3 for both Zn 2+ and Cd 2+ ions could not be described using any single x versus A curve. This was due to the presence of apparent adsorbent effects, reflected generally by a decrease in x with increasing W at a given value of A. Similar phenomena can also be noted in Figures 5(a)-(c) and Figures 6(a) -(c) below for different metal ions and adsorbent types. The irregular variation in x with increasing A indicates that x did not correspond to a unique A when W was varied.
In accordance with the relationship illustrated in Figure 1(b) , equation (3) shows that x (as an adsorbate/adsorbent ratio) is the difference between y and z (namely, the difference between the initial and the equilibrium adsorbate/adsorbent ratios). According to their definitions, x, y and z are state variables possessing the same dimension. Consequently, equation (3) not only obeys the law of mass balance but also a thermodynamic principle, viz. that the change in a state variable is uniquely determined by the difference between the states and is independent of the process history. Wu et al. (2008) have demonstrated the potential existence of two adsorption limits. One is determined by A 0 (the maximum ion availability for adsorption in the system) and the other is determined by B 0 (the maximum system capacity for adsorption), or by W since B 0 = Wρ. At a 762
Xiaofu Wu/Adsorption Science & Technology Vol. 29 No. 8 given value of W, x will increase with increasing A 0 to an upper limit ρ when the adsorption surface is saturated. At a given A 0 , x will decrease with increasing W until the critical limit x c is attained when all the ions in the aqueous solution are adsorbed onto the solid surface. We then have:
The lowest x limit given by the Langmuir equation, as well as by other traditional adsorption isotherms, is "x = 0" at "A = 0". The presence of the critical limit (x c ) indicates that x should not be zero when A goes to zero. It can be reasoned that given A 0 > 0, "x = 0" at "A = 0" is a paradox since "x = 0" means that "no ions are adsorbed" while "A = 0" means that "all ions are adsorbed". From equation (1) we see that "A = 0" gives "Q = A 0 ", indicating that "all ions are adsorbed" onto the solid surface. This provides logical support for the notion that x is not a single function of A.
The Langmuir isotherm was developed in order to describe the adsorption of gases onto plane surfaces of glass, mica and platinum, and has been tested under defined solid surface area conditions (Langmuir 1918) . The data listed in Table 8 , using Zn 2+ ion adsorption as an example, show that the traditional isotherm models give high values of the squared correlation coefficient (R 2 ) at each given value of W but much lower R 2 values when W varies over the tested range (10-150 g/ ). In comparison, the R 2 values given by equation (22) remain at high levels irrespective of the changes in the W values (Table 8 ). These results confirm that the traditional x versus A isotherm can only be applied to describe the adsorption phenomena at a given W level within a limited A 0 range. Figure 4 shows that both the x versus y plot [Figures 4(b) and (e)] and the x versus z plot [Figures 4(c) and (f)] fit the experimental data well, indicating that x can be expressed as a single function of either z or y. Figures 4(b) and (e) also show the trend of increasing x with increasing y towards the estimated upper limit ρ for both Zn 2+ and Cd 2+ ions.
As seen in Figures 4(b) , (c), (e) and (f), the predicted x values are very similar to the measured values. The close agreement between the values derived from equation (19) and the experimental data suggests that ion adsorption is a thermodynamic process in which, subject to the difference 764 Xiaofu Wu/Adsorption Science & Technology Vol. 29 No. 8 in electrochemical potentials of the adsorption components, the ions move between the liquid and solid phases without any essential changes in their chemical nature. Under such conditions, the change in the standard chemical potential of the adsorption components would be very small and the equilibrium coefficient of the adsorption reaction (K) would be close to 1. Since equation (10) is a general form of equation (4), the experimental data for series 1-3 can also be satisfactorily described by equation (17). If ion adsorptions are physicochemical reactions between charged ions (A) and oppositely charged adsorbent surfaces (B) that are mainly governed by electromotive forces, the equilibrium coefficient for the ion adsorption reaction, K, should have a constant value for all ionic species and adsorbent types. The plots depicted in Figures 5(d (19) gives a good fit to experimental data obtained for different metal ions and adsorbent types (series 7). However, it should be noted that the A 0 /W range test for sample series 7 (0.33-10 mg/g) was much smaller than that for sample series 1-3 (0.33-50 mg/g). The x versus y plots in Figures 5 and 6 are thus much less curved than those in Figure 4 .
The trend of x approaching a critical limit can also be noted in Figures 6(d) -(f). The adsorption capacity of synthetic zeolite is very high, about 10-times those of swelling vermiculite and natural zeolite (Table 7) . Thus, in the sample series tested, most metal ions were adsorbed from aqueous solutions onto the synthetic zeolite surface, reducing A virtually to zero while x approached the A 0 /W ratio. In Figures 6(d) -(f), it can be seen that the measured value of x was close to that of y over the entire range tested and that, particularly at low y levels, the measured value of x coincided with that of y.
CONCLUSIONS
For an analysis and determination of ion adsorption functions, it is important to take into account the contribution of four essential adsorption components to the change in the Gibbs' free energy of the system. It is also important to pay attention to the values of the adsorbate/adsorbent ratios x, y and z. The basic relationships among these ratios, as defined by equation (3), is consistent with the principle of thermodynamics that the change in a state variable (x) is uniquely determined by the difference between states y and z, and is independent of the process history. The results presented in this paper confirm that the equation presented can be applied to describe adsorption equilibrium in unbuffered single metal ion systems. The present study provides evidence, that under the examined thermodynamic conditions, ion adsorption reactions are essentially physical processes. The application of equation (19) should be limited to areas where the electrochemical potential is the main driving force and where effects due to other mechanisms (e.g. ion interactions, the attachment of ions onto specific binding sites, the formation of new substances, etc.) are negligible.
In both buffered and mixed metal ion systems, the change in the Gibbs' free energy of the system cannot be fully determined by the change in the concentration of the tested metal ions, and thus the adsorption of the tested metal ions in such systems cannot be described by equations (17) and (19) in their present forms. As most natural aqueous systems contain more than one metal ion, the development of proper models for the description of ion adsorption behaviours in mixed ionic species systems will therefore be of great value. Sahu, B.B., Parida, K. and Mishra, H.K. (2000 ) J. Colloid Interface Sci. 225, 511. Tahir, S.S. and Rauf, N. (2003 ) J. Chem. Thermodyn. 35, 2003 . Voice, T.C. and Weber, W.J. (1985 Environ. Sci. Technol. 19, 789. Voice, T.C., Rice, C.P. and Weber, W.J. (1983) Environ. Sci. Technol. 17, 513. Wu, X., Hu, Y., Zhao, F., Huang, Z and Lei, D. (2006) 
